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Abstract
This study concerns an air bubble injection experiments in a vertical upward annular
channel in which a 0.4 mm hole was created to inject the air bubbles into the turbulent stream.
Water was used as a testing fluid, and the experiments were performed at atmospheric pressure
and room temperature. A high-speed video camera was used to capture the dynamics of the
bubble formation process. Two different experimental views were used: a front view in which
flow velocity was 0.80 m/s (2.68 GPM) at Reynolds number, Re=7413 and to inject air bubbles
into water stream air bubble injection rate was set at 0.046 m/s (350 µl/min), as well as the side
view in which all the conditions were the same except the flow velocity set at 2.63 GPM. The
images for bubble formation, departure from a hole, and interaction with other bubbles and
flowing liquid in a turbulent stream were captured. The data recorded were analyzed for bubble
trajectory, size, aspect ratio and the orientations of the bubble.
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Nomenclature
As
Outside surface area of the heated inner pipe, m2
Bo
Boiling number, Bo=q/G.ifg, dimensionless
Cp
Specific heat, J/kgoC
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Mean Feret Diameter
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Hydraulic diameter, m, Dh=(Do-Di)
Dp
Dimensionless mean bubble departure diameter
dp
Bubble departure diameter, m
Fd
Dimensionless mean bubble departure frequency
f
Bubble departure frequency (1/s)
g
Acceleration due to gravity, m/s2
G
Mass flux, kg/m2s
hr
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ifg
Enthalpy of vaporization, J/kg
L
Length of test section, m or mm
nac
Active nucleation site density, n/m2
NAC Dimensionless active nucleation site density
Nconf Confinement number, dimensionless
Ja
Jacob number, dimensionless
q
Average imposed heat flux, W/m2
Qn
Net power input, W
Re
Reynolds number
Rel
Liquid Reynolds number in two phase flow, Rel = G.Dh.(1-x)/µl, dimensionless
Tr, Tr,I Mean, inlet temperature of liquid refrigerant, oC
Tw
Wall temperature of heated inner pipe, oC
XF, min Minimum Feret diameter
XF, max Maximum Ferer diameter
XF,max90

Greeks
ΔTsub
ρg , ρl
Δρ
σ

Inlet subcooling, oC
Vapor and liquid densities, kg/m3
Density difference, Δρ=ρl-ρg
Surface tension, N/m
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1. Introduction
Liquid flows incorporating small-size bubbles play an essential role in many industrial
applications. Such applications include engineering applications for the power generation,
chemical plants, wastewater treatment and medical applications [1]. Two-phase flow of gas and
liquid is commonly used in the design and operation of heat exchangers and mass transfer
equipments for various power plants. Dynamic behavior of a rising bubble has been a subject of
both experimental and numerical studies for many years. Hence, the generation of bubbles is a
critical process in many industrial applications that has drawn considerable attention.
In nuclear reactors, under certain conditions sub-cooled flow boiling may be encountered
in the core [2]. Under such conditions, predicting the location of the onset of significant voids
(OSV) and void fraction in the core is essential for the flow stability, pressure drop as well as the
neutron moderation characteristics. For instance when the void fraction in the core increases, the
reactivity decreases in the reactor core and vice versa [3,4,5]. Various studies have reported
important parameters such as bubble departure size, bubble departure frequency, void fraction,
and sauter mean diameter. Bubbles from an initiation process to departure show complex
phenomena such as coalescence and interaction between adjacent bubbles, and most importantly
the transfiguration (spherical, ellipsoidal, wobbling), which affect the turbulent flow conditions.
The capability to predict two-phase flow parameters is one of the crucial requirements for the
safety analysis of nuclear power plants. Hence, it is very important to have deep understanding
of a sub-cooled flow boiling process.
The purpose of the present study is to investigate sub-cooled flow boiling process both
experimentally and numerically in a flow channel (a vertical annulus of 4.65 mm gap width) in
which water flows upward at near atmospheric pressure. The ultimate objective is to develop
Computational Fluid Dynamics (CFD) models that can predict sub-cooled flow boiling process
for nuclear reactors. In the present work bubble generation by gas injection from an Inconel tube
wall orifice is studied. Bubble trajectory, size, and aspect ratio are measured using a high-speed
video camera (PHANTOM V310). From these measurements it is expected that present data is
suitable for benchmarking, validation, and model development for the Computational Fluid
Dynamics (CFD) simulation codes or existing safety analyses codes.
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2. Literature Review
2.1 Sub-cooled Boiling Process
Fig. 1 shows the axial void fraction in the sub-cooled flow boiling regions. In the
literature, the sub-cooled boiling region is divided into two regions-saturation and sub-cooled
regions by a saturation boundary. When a subcooled liquid enters a heated channel, vapor
bubbles nucleate on the heating surface and move into the sub-cooled bulk. Subcooled boiling
begins when the heating wall temperature exceeds the saturation temperature and nucleation
occurs at point 1, called the onset of nucleate boiling (ONB). Surface conditions at ONB allow
bubble formation but the layer of superheated region is so thin that bubbles condense rapidly.
The highly sub-cooled region has a small void fraction and an attached bubble layer. This low
void fraction region continues until the void fraction increases sharply at a point 2 called the
point of net vapor generation (PNVG). At point 2, before being condensed vapor bubbles can
depart from the wall. Further away there is a region where bubbles detach and can condense if
they move to the outer sub-cooled region or remain if they stay near the wall. This is the region
that has a large vapor void fraction and known as the onset of significant void (OSV).

Fig. 1. Graphical representation of sub-cooled flow boiling regions [2,9]
For our present study, it is very important to have a better physical understanding of sub-cooled
boiling phenomena. Hence, experiments by previous researchers on sub-cooled flow boiling
have been reviewed and important parameters are shown in Table 1. Zeitoun and Shoukri [2]
investigated axial void fraction profiles in a vertical annulus using a single beam gama
densitometer. Effects of mass flux, wall heat flux and subcooling on axial void fraction were
studied. The ranges of all the thermal hydraulic conditions are listed in Table 1. The data
obtained from the experiments were well correlated with the prediction of the proposed model by
Zeitoun and Shoukri [2].
Yun et al. [3] focused on the investigation of subcooled boiling two-phase flow using
steam-water as a testing fluid. For the measurement of the propagation of the local bubble
parameters along the test section, double optical fiber sensors were installed at six different
locations (L/Dh=18.4, 43.3, 68.2, 93.1, 117.5 and 123.4. Yun et al’s experiment covers a 370-563
kW/m2 heat flux, 1100-2100 kg/(m2s) mass flux and 19-31K inlet subcooling range at pressure
2

condition of 0.15-0.2 MPa. Experimental results show the characteristics and the propagation of
the void fraction and interfacial area concentration that are dependent on the heat flux and the
mass flux conditions [3].
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Table 1 Test Matrix
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Table 1 Test Matrix Cont.
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Basu et al. [4] conducted an experiment for vertical up flow using a copper plate and a
Zircalloy-4 nine-rod bundle geometry with water as the test fluid and investigated the onset of
nucleate boiling (ONB) point both by visual observations as well as temperature and heat flux
data. Basu et al’s study showed that the nucleation site density depends only on contact angle
and wall superheat. From the data obtained it was found that for the boiling inception, heat flux
and wall superheat needed are dependent on flow rate, liquid subcooling and contact angle [4].
Euh et al. [5] investigated bubble nucleation process in order to measure bubble departure
frequency under various thermal hydraulic conditions of water in an annular test section over
pressures 167-346 kPa, mass fluxes 214-1869 kg/m2s, heat fluxes 61-238 kW/m2 and subcooling
7.5-23.4 degrees. From the data obtained it was found that mass flux, heat flux, subcooling and
pressure were the major parameters controlling the bubble departure frequency.
Situ et al. [6,7] reported on an experiment under vertical upflow in an annular test section
using water as a test fluid and all the thermal hydraulic conditions are listed in Table 1.
Investigations of the experiment led to determination of bubble size, growth rate, departure
frequency, bubble and liquid velocities. From the experiments it was found that the data were
well correlated with that of Basu et al’s correlation [6].
Chen et al. [8] conducted an experiment in a horizontal narrow annular duct with the gap
of duct fixed at 1.0 mm and 2.0 mm using refrigerant R-407C. For this study all the thermal
hydraulic conditions are listed in Table 1 and the correlation equations used to measure the
parameters are listed in Table 2. The data obtained from this study revealed that the heat transfer
coefficient depends on the duct size and subcooling degree. In addition, the mean bubble
departure diameter, mean bubble departure frequency and nucleation site density depend on
subcooling degree. Also, effects of imposed heat flux on bubble population, coalescence, and
departure frequency have been reported.
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Table 2 Correlations used for parametric study [8]

When Chen et al.’s [8] data for the R-407C subcooled flow boiling heat transfer
coefficient were compared with the correlation proposed by Fujita et al., data was well
correlated. In addition, when the experimental data was compared with the correlation proposed,
the data for dp fell within ±25% of the correlation proposed and the mean absolute error was
13.3%. In addition, when an empirical equation was proposed for the product of the mean bubble
departure diameter and frequency almost all the experimental data was correlated within ±20%
and the mean absolute error was 10%. All the experimental data for the active nucleation site
density fell within ±30% and the mean absolute error was 14.8%. There was significant
temperature overshoot during the onset of nucleate boiling (ONB). The subcooled heat transfer
coefficient increased with a decrease in the annular duct size, but decreased with an increase in
the inlet subcooling. However, the effects of the refrigerant mass flux and saturated temperature
on the boiling heat transfer coefficient were small. The mean bubble departure diameter, mean
bubble departure frequency and active nucleation site density were reduced when the inlet
subcooling was increased. Moreover, raising the imposed heat flux produced positive effects on
the bubble population, coalescence and departure frequency.
Bubble trajectory, size, shape, aspect ratio, and bubble orientations have been measured
in the present work but the focus is on the analysis of the data acquired using a high speed video
camera (PHANTOM V310).
7

3. Experimental Section
3.1. Experimental Facility
A seeded working fluid of distilled water with glass hollow sphere particles (diameter of
10 µm) was prepared and used throughout all the experiments. Fig. 2 shows the experimental
setup layout. The test section was an annular geometry, which was formed by a polycaronate
tube (O.D = 22.23 mm, I.D = 19.05 mm, L = 1.25 m) on the outside and inconel tube (O.D =
9.75 mm, I.D = 7.62 mm, L = 1.45 m) which were placed coaxially inside the polycarbonate
tube. The gap between the inner and outer tube was 4.65 mm. As can be seen in the schematic
view, a 0.4 mm hole was created to inject air bubbles into the liquid stream. The seeded water
was held in the storage tank. There was a partition in the storage tank, which was actually an airbubble/water separation plate preventing the bubbles from entering the inlet of the pump. The
water flow rate can be easily controlled by a needle valve and the bypass flow rate. A flexible
impeller pump (Emerson, Model: SASSCXFJN-3542, 1/4 HP-6 GPM Capacity) was used. A
digital flow meter (Model: G2S05N09GMA (1/2” NPT) Stainless Steel) was used to measure the
water flow rate entering the test section. Air was injected into the inconel tube from the top most
section via variable speed syringe pump (New Era Pump System, Inc "Just Infusion Pump”, NE300). Syringe pump is connected to a flexible transparent tube (I.D. = 1/16" and 38" long) that is
further attached to inconel tube. High-speed video camera (PHANTOM V310) is used to study
bubble trajectory, shape, size, and aspect ratio as shown schematically in Fig. 2.

Fig. 2. Schematic sketch of experimental test facility
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3.2 Measurements
3.2.1 High Speed Video Camera (PHANTOM V310)
The data from air bubble injection experiment requires a type of camera that has
combination of recording speed and image resolution. Therefore, PHANTOM V310 is utilized to
capture the images. This camera offers 480 frames per second at its full resolution of 2400×1800
pixels. For the present work the camera frame rate was set at 8750 and 7000 frames per second
(fps) and the resolution of each image was 1280×800 pixels. This camera can also be used with a
PIV system in order to capture the images of the flow field.
3.2.2 ImageJ Software (IJ 1.46n)
For our present study, Image J software [9] was used for processing of bubble images
acquired by the high-speed video camera. Image J is a public domain Java image processing and
analysis program inspired by National Institutes of Health (NIH). It can read many image
formats including PNG, PGM, FITS and ASCII, GIF, JPEG, BMP, etc., and save all supported
data types as TIFF (uncompressed) or as raw data. Tools are provided for zooming and scrolling
images. All analyses and processing functions work at any magnification factor. It can create
rectangular, elliptical or irregular area selections, create line and point selections. It supports
standard image processing functions such as edit selections and automatically create them using
a wand tool. It can draw, fill, clear, filter or measure selections and save selections and transfer
them to other images. In addition, it does image enhancement such as smoothing, sharpening,
edge detection, and median filtering on both 8-bit grayscale and RGB color images. Moreover it
measures area, mean, min and max of selection or entire image. It uses real world measurement
units such as millimeters.
In this work, the mean bubble diameter, D, was calculated from measurements of 16
Feret diameters. Feret’s diameter is defined as the distance between two parallel tangents to the
contour of the particle in a well-defined orientation [10,11] as shown in Fig. 3. The Feret
diameters for a sufficient number of angles (possible orientations from 0°...180°) are calculated,
and minimum Feret diameter is measured. Also, the ratio of maximum to minimum Feret
diameter represents the elongation of bubble.

Fig. 3. Definition of Feret’s Diameter
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3.2.3 PIV System for Flow Visualization
As mentioned earlier, the focus of this work was mainly on the data obtained by a highspeed video camera but some time was also spent on PIV system to study how PIV works. PIV
technique measures the whole velocity fields by taking two images shortly after each other and
calculating the distance individual seed particle traveled within this time. The working fluid is
seeded (as shown in Fig. 4) with tiny, neutrally buoyant particles - so called ’tracers’ - e.g. oil or
water aerosols in air and solid particles in fluids or flames. For the present work PIV particles of
10 µm diameter hollow glass spheres were used. Using a light sheet, formed by passing a
double-pulsed laser beam through an optical arrangement including cylindrical lenses, the
particles in the fluid are illuminated twice with a small time separation in between. The
displacement of the particles in the time between the laser pulses is recorded as either a single
image exposed twice or as a pair of two single exposure images. From the known time difference
and the measured particle displacement the velocity is calculated. Since the flow can be quite fast
one has to avoid blurred images and that is one reason to use laser pulses. They are only 6-10 ns
long and can freeze any motion. The other reason is that only the laser light can be focused into a
thin enough light sheet so that only the particles in that plane are imaged. Otherwise the scattered
light from the particles in other planes would make this measurement impossible. A special
camera is utilized so that it can store the first image (frame) fast enough to be ready for the
second exposure. The "dead" time between the frames when the camera is "blind" is very short
down to 100 ns. The evaluation of the particle images depends on the way these images have
been recorded by the high-speed camera. One possibility is to record the scattered light of both
illuminations in one frame in which it is called ‘single frame / double exposure’. These pictures
can be evaluated by auto-correlation. The other possibility is to record the scattered light from
the first illumination in one frame and the scattered light from the second illumination in another
frame. This is called ‘double frame / double exposure’. These double frame images can be
evaluated by cross-correlation [12].

Fig. 4. General setup of a 2D PIV System [12].
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The scattered light from the first and second exposures of the particles is recorded in two
different images. The complete image is subdivided in interrogation windows and each window
is evaluated by cross correlation as shown in Fig. 5. The (digital) PIV recording is divided into
small subareas - so called ‘interrogation windows’. Using statistical correlation techniques one
local displacement vector is determined for each interrogation window. For this reason the size
of this interrogation cell is selected such that all seed particles within this area have moved
homogeneously in the same direction and the same distance. For good results the number of
particles within one interrogation cell should be at least ten. And this is how an instantaneous
flow velocity field across a planar area of a flow field is measured.

Fig. 5. Evaluation of PIV recordings using Cross-correlation [12].
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4. Results and Discussion – Air Bubble Injection Experiments
4.1. Front View - Analysis of bubble trajectory, size, aspect ratio and orientations of bubble
For the front view of the bubbles high-speed video images (8750 fps) with frame size
1280×800 were recorded at a 0.80 m/s (2.68 GPM) flow velocity at Reynolds number, Re=7413
and air bubble injection rate was set at 0.046 m/s (350 µl/min). Figures 6 and 7 show the
movement of the bubbles from inception to detachment, coalescence and departure from the
injection hole. To acquire the bubble shape and size data, each image was processed using
ImageJ software as shown in Fig. 8. First, smoothing (b) was applied on colored image (a) and
then the image was filtered (c) using a Gaussian function. After that image was converted to a
greyscale image (d) and by polygon selection tool, mask (e) of each air bubble was created and
best fit ellipse (f) was drawn to obtain 16 measurements of Feret diameter for mean diameter of a
bubble. The experimental runs used for the analysis of front view with bubble number and frame
numbers are listed in Table 3 and all the files are attached in the CD-ROM.

Fig. 6. Front View: Images of air bubbles injected into a turbulent water stream from 0.0 ms to
3.1 ms, Re=7413 and arrow points to the same bubble in successive photograph

Fig. 7. Front View: Images of same bubble injected into a turbulent water stream
from 3.2 ms to 9.4 ms, Re=7413

Fig. 8. Front View: Image processing of air bubbles, Re=7413
12

Table 3 Experimental Runs For Front View Analysis
Experiments
File
Bubble
Frame
Number
Number
Number
Front View Experimental
1
1
109-127
Data for Spanwise and
2
128-146
Streamwise Trajectory
3
157-175
Calculations
4
181-199
5
208-226
6
236-254
7
262-280
8
295-313
9
337-355
10
357-375
Non-coalescence Data for
1
1
172-251
Front View - Size
1
2
196-275
Distribution, Major/Minor
Axes, Aspect Ratio and
1
3
252-331
Bubble Orientations
2
4
23-102

Coalescence Data for Front
View - Size Distribution,
Major/Minor Axes, Aspect
Ratio and Bubble
Orientations

3

5

125-204

2
1
2
2
1

1
2
3
4
5

140-219
128-207
168-247
201-280
279-358
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The streamwise movement of 2nd bubble during growth period is shown in Fig. 9, that
clearly shows the distance that the bubble moved away from the air injection hole. The blue
arrow marked on left in Fig. 9 and around 1.4 ms indicates the area of the flow channel where
bubbles are interacting with each other, getting deformed and moved in the upstream direction.
For this particular run, bubble coalescence was not observed until 2.50 ms. Graph shown on the
right side in Fig. 9, indicates neither interaction nor coalescence for bubble number 9 and hence,
bubble followed a linear trajectory in the streamwise direction. An ensemble-averaged bubble
trajectory in the streamwise direction for 10 bubbles is shown in Fig. 10.

Fig. 9. Front View - Streamwise movement of one bubble on left and streamwise movement of
another bubble on right at Re=7413

Fig. 10. Front View: Ensemble-averaged bubble trajectory of 10 bubbles in
streamwise direction at Re=7413
For the air-bubble injection experiments we have found small and large bubble
formation. Once a bubble nucleates, it departs and coalescence occurs – small bubbles combine
with large bubbles. In addition, interaction between adjacent bubbles has also been seen. When
coalescence occurs bubbles get deformed. Upon analyzing all the bubbles formed, differences in
bubble diameters have been observed. It was, therefore, necessary to plot the graphs with or
without coalescence of bubbles. The graph on left in Fig. 11, shows the bubble size distribution
and the graph on the right shows the size distribution of 5 bubbles. Figure 12 shows an ensemble
averaged size distribution of 5 bubbles at Re=7413. The major and minor axes of the bubble
14

before and after departure, aspect ratio and the orientation of the bubbles are shown in Figs.13,
14 and 15 respectively. The angle measured is the angle between the primary axis (major axis of
the bubble) and the x-axis of the image. As can be seen in the graph on left of Fig. 13 that there
is a drop in the axis length of a single bubble at 8 ms, which indicates the fluctuation in the size
but this is due to the orientation of the bubble and the fast flowing liquid that affected the motion
of a rising bubble.

Fig. 11. Front View: Size distribution of a bubble and 5 bubbles at Re=7413

Fig. 12. Front View: Ensemble averaged size distribution of 5 bubbles at Re=7413
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Fig. 13. Front View: Major/Minor axis of a bubble and ensemble-averaged major/minor axes
before and after departure at Re=7413

Fig. 14. Front View: Aspect Ratio and ensemble-averaged bubble aspect ratio before and after
departure at Re=7413

Fig. 15. Front View: Orientation of a bubble and ensemble-averaged orientation before and after
departure of bubbles at Re=7413
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The graph on left in Fig. 16, shows the bubble size variation when two bubbles coalesced
and the graph on the right shows the size variation of 5 bubbles. In the beginning of the inception
process, a small bubble grew steadily until 2 ms with a size of 0.53 mm. As the bubble moved
towards downstream region a new bubble was formed, which was interacting, with the preceding
bubble and at 3ms two bubbles coalesced as shown in Fig. 6. An ensemble averaged size
distribution of 5 bubbles is also shown in Fig. 17. The major and minor axes of the bubble before
and after departure, aspect ratio and the orientation of the bubbles are shown in Figs.18, 19 and
20 respectively. After coalescence, the size remained fairly constant for bubble 1. But graph
plotted on right in Fig. 16 concluded that the shape change is larger between 7.2 ms and 9.4 ms
and the only reason for this is the orientation of bubbles and the interaction of bubbles with the
fast flowing liquid (water). As can be seen in the graph on left of Fig. 18 there is a drop in the
major axis length of a single bubble at 6 ms, which indicates the fluctuation due to the
orientation of the bubble that affected the motion of a rising bubble and thereby affecting the
aspect ratio of bubbles.

Fig. 16. Front View: Size distribution of a bubble and 5 bubbles at Re=7413

Fig. 17. Front View: Ensemble averaged size distribution of 5 bubbles at Re=7413
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Fig. 18. Front View: Major/Minor axis of a bubble before and after departure, and ensembleaveraged before and after departure of bubbles and coalescence at Re=7413

Fig. 19. Front View: Aspect Ratio before and after departure of a bubble and ensemble-averaged
bubble aspect ratio before and after departure of bubbles and coalescence at Re=7413

Fig. 20. Front View: Orientation of a bubble and ensemble-averaged orientations before and after
departure of bubbles and coalescence at Re=7413
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4.2. Side View - Analysis of bubble trajectory, size, aspect ratio and orientations of bubble
For the side view of the bubbles high-speed video images (7000 fps) were recorded for a
0.8 m/s flow velocity and 0.046 m/s air injection rate. In this case, bubble has an elongated shape
during nucleation, and when it departs we have found coalescence and bubbles get deformed and
get pushed down towards the upstream region by the preceding bubble. Figure 21 shows the
movement of the bubbles from inception to detachment, and departure from the injection hole. In
a turbulent flow, Re=7413, three main shapes: spherical, ellipsoidal and wobbling were
observed. To acquire the data on bubble shape and size, each image was processed using ImageJ
software but with different procedures. For the side view analysis, a Sobel edge detector operator
was used to find the edge of a bubble (Fig. 22 part (a)) and a best-fit ellipse was drawn to obtain
16 measurements for the mean Feret diameter (Fig. 22 part (c)). The spanwise (Fig. 23) and
streamwise (Fig. 23) movements for each bubble show (in Fig. 21) the distance that the bubble
moved away from a hole and then it came back towards the inner surface of the Inconel tube. For
the side view analysis, the experimental runs with bubble number and frame numbers are listed
in Table 4 and all the files can be found in CD-ROM.

Fig. 21. Side View: Images of air bubbles injected into a turbulent water stream from 0.00 ms to
2.57 ms, Re=7413 and arrow points to the same bubble in each photograph

Fig. 22. Side View: Image processing of air bubbles, Re=7413
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Table 4 Experimental Runs For Side View Analysis
Experiments
File
Bubble
Frame
Number
Number
Number
Side View Experimental Data
4
1
107-125
for Spanwise and Streamwise
2
130-150
Trajectory Calculations
3
152-170
4
174-192
5
190-208
6
208-228
7
230-250
8
269-287
9
282-300
10
294-312
Non-coalescence Data for
4
1
105-157
Side View - Size Distribution,
4
2
128-180
Major/Minor Axes, Aspect
Ratio and Bubble Orientations
4
3
266-318

Coalescence Data for Side
View - Size Distribution,
Major/Minor Axes, Aspect
Ratio and Bubble Orientations
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4

4

279-331

4

5

306-358

4
4
4
4
5

1
2
3
4
5

141-193
161-213
182-234
202-254
86-138

For the side view of bubbles, the spanwise and streamwise movements of bubble number
10 during growth period are shown in Fig. 23, that clearly show distance that the bubble moved
away from an air injection hole. For this particular bubble no coalescence occurred until 2.57 ms
and hence the bubble followed a linear streamwise trajectory. Figure 24 shows the image of
bubble interaction at 0.86 ms and coalescence with another bubble at 1.43 ms. The spanwise and
streamwise trajectories of bubble number 7 and coalescence with another bubble are shown in
Fig. 25. An ensemble-averaged bubble trajectories in the spanwise and streamwise direction for
10 bubbles are shown in Fig. 26.

Fig. 23. Side View – Spanwise and streamwise movement of a bubble and no coalescence at
Re=7413

Fig. 24. Side View: Bubble coalescence after injection at Re=7413

Fig. 25. Side View – Spanwise and streamwise movement of a bubble and coalescence at
Re=7413
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Fig. 26. Side View – Ensemble-Averaged spanwise and streamwise trajectory of 10 bubbles at
Re=7413
For the side view air-bubble injection experiments, the graph on left in Fig. 28, shows the
size of bubble 4 and on right, size of 5 different bubbles are shown. There is neither coalescence
nor interaction that occurred for data reported in the graphs shown in Fig. 28 - Fig. 32. As you
can see there is a sharp increase in the size of bubble 4 and then size decreases around 2.6 ms
and the reason for this is that the bubble starts departing and achieving different shapes because
of fast flowing water for Re=7413 as shown in Fig. 27. Also, an ensemble averaged size over 5
bubbles is plotted in Fig. 29. When the size distribution is plotted for 5 bubbles, it is found that
shape change pattern is the same but each bubble has a different size as time passes by. The
major and minor axes of the bubble before and after departure, aspect ratio and the orientation of
the bubbles are shown in Figs.30, 31 and 32 respectively. Again, an angle measured is the angle
between the primary axis (major axis of the bubble) and the x-axis of the image.

Fig. 27. Side View: Bubble 4 Departure from 1.7 ms – 3.7 ms at Re=7413
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Fig. 28. Side View: Size distribution of a bubble and 5 bubbles at Re=7413

Fig. 29. Side View: An ensemble averaged size distribution of 5 bubbles at Re=7413

Fig. 30. Side View: Major/Minor axis of a bubble and ensemble-averaged major/minor axes of 5
bubbles before and after departure at Re=7413
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Fig. 31. Side View: Aspect Ratio before and after departure of a bubble and ensemble-averaged
bubble aspect ratio before and after departure of 5 bubbles at Re=7413

Fig. 32. Side View: Orientation of a bubble and ensemble-averaged orientations before and after
departure of bubbles at Re=7413
For the side view air-bubble injection experiments, interaction between bubbles as well
as coalescence occurred for the data shown in Fig. 33 - Fig. 37. First, an interaction started at 1.3
ms and it continues until 2.4 ms. Then, the bubble with a 0.64 mm diameter coalesced with
preceding bubble at 2.6 ms and acquired different shape and size with a diameter of 0.8 mm as
shown in the left graph of Fig. 33. When the size distribution is plotted for 5 bubbles, it is found
that there is a shape change pattern and the reason for this was the interaction and the
coalescence of bubbles. An ensemble averaged size distribution of 5 bubbles is also shown in
Fig. 34. The major and minor axes of the bubble before and after departure, aspect ratio and the
orientation of the bubbles are shown in Figs.35, 36 and 37, respectively. Again, an angle
measured is the angle between the primary axis (major axis of the bubble) and the x-axis of the
image.
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Fig. 33. Side View: Size distribution of a bubble and 5 bubbles at Re=7413

Fig. 34. Side View: An ensemble averaged size distribution of 5 bubbles at Re=7413

Fig. 35. Side View: Major/Minor axis of a bubble and ensemble-averaged major/minor axes of 5
bubbles before and after departure at Re=7413
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Fig. 36. Side View: Aspect Ratio before and after departure of a bubble and ensemble-averaged
bubble aspect ratio before and after departure of 5 bubbles at Re=7413

Fig. 37. Side View: Orientation of a bubble and ensemble-averaged orientations before and after
departure of bubbles at Re=7413
5. Conclusion
The experimental data has been obtained for the air bubble injection into turbulent flow
of water in a vertical annular flow channel. A high-speed video camera was used to collect the
images of the process starting from bubble formation to detachment, bubble departure,
deformation of the detached bubbles, interactions with other bubbles and turbulent water flow.
The analysis of the front view images of the bubble indicated bubble interactions, deformation
and coalescence. From the graphs plotted it was observed that there were fluctuations in the size
of bubbles due to bubble orientation and fast flowing liquid that affected the motion of the rising
bubble. Analyses of the side view images indicated three main shapes: spherical, ellipsoidal and
wobbling of a rising bubble in the turbulent water flow stream. For this case, a shape change
pattern was noticed due to interaction and the coalescence of bubbles. From these measurements
it is expected that present data is suitable for the Computational Fluid Dynamics (CFD) model
development.

26

References
[1] G. Sina, R. Payam, Nobes David S., “The effect of gas-injector location on bubble formation
in liquid cross flow”, PHYSICS OF FLUIDS 22 (2010) 043305.
[2] O. Zeitoun and M. Shoukri, “Axial void fraction profile in low pressure subcooled flow
boiling,” Int. J. Heat Mass Transfer, 40, 869-879 (1997).
[3] Yun, B. J., Bae, B. U., Euh, D.J., Park, G.C., Song, C.H., “Characteristics of the Local
Bubble Parameters of a Subcooled Boiling Flow in an Annulus”, Nuclear Engineering and
Design 240 (2010) 2295-2303.
[4] Warrier, Gopinath R., Nilanjana Basu, and Vijay K. Dhir. "Interfacial Heat Transfer during
Subcooled Flow Boiling." International Journal of Heat and Mass Transfer 45 (2002): 3947-959.
[5] D. Euh, B. Ozar, T. Hibiki, M. Ishii, and C. Song, “Characteristics of Bubble Departure
Frequency in a Low-Pressure Subcooled Boiling Flow,” J. Nuclear Science and Technology, 47
(7), 608-617 (2010).
[6] R. Situ, M. Ishii, T. Hibiki, J. Y. Tu, G. H. Yeoh, M. Morid, ‘‘Bubble departure frequency in
forced convective Subcooled boiling flow,’’ Int. J. Heat Mass Transfer, 51, 6268–6282 (2008).
[7] R. Situ, Y. Mi, M. Ishii, and M. Mori, “Photographic study of bubble behaviors in forced
convection subcooled boiling,” Int. Journal of Heat and Mass Transfer 47 (2004) 3659–3667.
[8] Chen, C.A., Chang, W.R., Li, K.W., Lie, Y.M., Lin T.F., "Subcooled flow boiling heat
transfer of R-407C and associated bubble characteristics in a narrow annular duct",
International Journal of Heat and Mass Transfer 52 (2009) 3147-3158.
[9] http://rsbweb.nih.gov/ij/docs/intro.html
[10] http://www.sympatec.com/Science/Characterisation/05_ParticleShape.html
[11] http://www.sympatec.com/EN/ImageAnalysis/Fundamentals.html
[12] LAVISION Product-Manual, Document Name: 1003005_FlowMaster_D80.pdf

27

